Abstract W-(0.2, 0.5, 1.0)wt% ZrC alloys with a relative density above 97.5% were fabricated through the spark plasma sintering (SPS) method. The grain size of W-1.0wt% ZrC is about 2.7 μm, smaller than that of pure W and W-(0.2, 0.5)wt% ZrC. The results indicated that the W-ZrC alloys exhibit higher hardness at room temperature, higher tensile strength at high temperature, and a lower ductile to brittle transition temperature (DBTT) than pure W. The tensile strength and total elongation of W-0.5wt% ZrC alloy at 700 o C is 535 MPa and 24.8%, which are respectively 59% and 114% higher than those of pure W (337 MPa, 11.6%). The DBTT of W-(0.2, 0.5, 1.0)wt% ZrC materials is in the range of 500 o C-600 o C, which is about 100 o C lower than that of pure W. Based on microstructure analysis, the improved mechanical properties of the W-ZrC alloys were suggested to originate from the enhanced grain boundary cohesion by ZrC capturing the impurity oxygen in tungsten and nano-size ZrC dispersion strengthening.
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Introduction
Tungsten has been extensively used as the solid target in a spallation neutron source and is considered as the candidate of first wall materials in future fusion reactors because of its excellent properties, such as large atomic mass, high melting temperature, high thermal resistance, low tritium retention, and low physical sputtering yield [1−3] . However, tungsten undergoes serious embrittlement in several regimes, including room-temperature brittleness, recrystallization brittleness and irradiation induced brittleness [3−5] . Meanwhile, experiments indicate that impurities such as oxygen, phosphorous and nitrogen, which segregate in the grain boundaries (GBs), are thought to have a significant effect on the fracture toughness of tungsten [6−8] . As a result, polycrystalline W has a high ductile-tobrittle transition temperature (DBTT) of about 800 o C. Therefore, eliminating the effect of such detrimental impurities on GBs and enhancing the coherent strengthening of GBs are of considerable significance for improving the performance of W based materials.
Using vacuum and zone melting can reduce impurity concentration and lower the DBTT to about 200 o C [9] , but pure W has low strength (especially at high-temperature) and undergoes recrystallization at relatively low temperature (∼1200 o C) which further reduces the fracture toughness [10] . Increasing the density of GBs by severe plastic deformation could decrease the average concentration of impurities at GBs, and thus improves the toughness of W [11] , but the large volume fraction of GBs would also lead to an inherent instability especially at high temperatures [12] . Dispersing small amounts of carbide or oxide fine particles with high thermodynamic stability, such as TiC, ZrC, La 2 O 3 and Y 2 O 3 , into tungsten, is very effective in inhibiting the grain growth and stabilizing the microstructure at high temperature [4, 12, 13] . The dispersed carbides or oxides could greatly improve the high temperature strength, increase the recrystallization temperature and enhance the creep resistance of tungsten [4, 14, 15] . Besides, the large volume fraction of GBs regions and particle-matrix interfacial regions in these materials can also provide sinks for irradiation induced point defects and hence improve the irradiation resistance [5, 16, 17] . grained W-TiC alloy showed high fracture strength of about 2 GPa at room-temperature, super-plasticity at 1400 o C-1700 o C and superior resistance to neutron irradiation [4] . Among the strengthening phases in tungsten alloys, ZrC has a very high hardness, and its melting temperature is as high as 3540 o C, much higher than TiC (3160
The high hardness and melting temperature make ZrC very attractive in strengthening the high-temperature properties of tungsten. Besides, ZrC can react with oxygen at relatively low temperatures (∼600 o C) under a low oxygen pressure [18] . This may reduce the influence of oxygen on GBs of tungsten, and thus improve the cohesion of GBs. To illustrate this point, W-(0.2, 0.5, 1.0)wt% ZrC alloys are fabricated through the spark plasma sintering (SPS) method in this work. The effects of the different ratios of ZrC addition on the consolidation behavior, microstructure, and mechanical properties of tungsten samples are investigated.
Experimental details
W-(0.2, 0.5, 1.0)wt% ZrC samples were fabricated through a powder metallurgy method. Pure W (particle size of 400-600 nm, purity>99.9%, chemical content listed in Table 1 , purchased from Xiamen Tungsten Co., LTD) and nano-size ZrC (average particle size of 50 nm, purity>99%, purchased from Aladdin reagent Co., LTD) powders were used as starting materials. Powders were ball milled in a planetary ball mill for 4 h in argon atmosphere with a powder-to-ball weight ratio of 1:8 and a rotation speed of 240 rpm. Tungsten carbide balls (diameters between 6 mm and 10 mm, purchased from Nanjing Nanda Instrument Co., LTD) and mortars were used to minimize the possible impurity contamination.
The consolidation of the samples was carried out in an SPS system (furnace SE-607, FCT Group, Germany). The pressure and temperature profile of the sintering program in this study was described in an earlier work [19] . The as-prepared powders were loaded into a graphite mold and then heated to 1800 o C by a pulse current (1000-5000 A) and held for 2 min under a uniaxial pressure of 47.7 MPa. The heating rates at temperatures below and above 1300 o C were 100 o C/min and 50 o C/min, respectively. The cooling rate was 100 o C/min. All samples were spark-plasma-sintered (SPSed) following the same sintering program. The size of the SPSed samples was about 2.0 mm in thickness and 20 mm in diameter. During SPSing progress, a 50 μm thick WC layer was formed on the sample surface due to the reaction between tungsten and carbon from graphite molds, which was removed by Wire cut Electrical Discharge Machining in our laboratory. The rest samples were polished with 800, 1000, 1500, 2000 mesh SiC paper and a nylon polishing cloth for further tests.
The density of SPSed samples was determined by Archimedes' principle. The theoretical density of the W-(0-1.0)wt% ZrC composites was calculated from the fraction and theoretical density of each components. The theoretical densities of tungsten and zirconium carbide were taken as 19.25 g/cm 3 and 6.73 g/cm 3 , respectively.
Polished samples were subjected to Vickers microhardness testing at room temperature with a load of 100 g and a dwell time of 10 s. For tensile testing, all of the SPSed samples were cut into dog-bone-shaped samples (with a cross-section of 1.5×0.75 mm 2 and a working length of 5 mm) and polished. Five tensile tests were carried out for each sample at various temperatures from 500 o C to 700 o C, using an Instron-5967 machine at a constant speed of 0.06 mm/min. The elongations were determined by measuring the length of fractured samples by using a vernier caliper.
The fracture surfaces of samples were characterized by a field-emission scanning electron microscope (FESEMSirion200, FEI). The average tungsten grain size was obtained from measurements on about 200 grains in different SEM micrographs. The microstructure of the alloys was characterized by means of transmission electron microscope (TEM, JEM-2000FX), and elemental analysis was accomplished by using an energydispersive X-ray spectroscopy (EDS, INCA) analytical system installed on TEM.
Results and discussion
The SEM or TEM micrographs of as-received tungsten, zirconium carbide powders and ball-milled W-ZrC powders are presented in Fig. 1 . From the SEM micrograph of the as-received tungsten powders shown in Fig. 1(a) it can be seen that the tungsten particles have an average particle size of 400-600 nm and exhibit some aggregation. The particle size of ZrC is about 20-50 nm, as shown in Fig. 1(b) . After ball-milling, ZrC particles were dispersed in W powders, and the aggregation of tungsten powders was well alleviated, as shown in Fig. 1(c) .
Density and relative density of the SPSed W-ZrC materials are listed in Table 2 . As can be seen, the relative density of all samples is higher than 97.5%. The SEM micrographs of the fracture surface (at room temperature) of W-ZrC materials are shown in Fig. 2 , where the fracture surface of pure tungsten adopted from Ref. [19] was also shown for comparison. It can be seen that in all samples very few pores were found, implying the high relative density. By assuming spherical grains, the diameters of about 200 tungsten grains from the SEM images were measured in each sample, and the average grain size of tungsten containing a different amount of ZrC is calculated and listed in Table 2 , where the results of pure tungsten [19] are also shown for comparison. The grain size distribution of pure tungsten, W-0.2wt% ZrC and W-0.5wt% ZrC is in the range of 3-6 μm and the average grain size is about 4.1 μm. For the W-1.0wt% ZrC, however, much finer grains were obtained and the average size was only 2.7 μm. This indicated that 1.0wt% ZrC addition could effectively inhibit the grain growth during the sintering process.
Vickers micro-hardness of W-(0.2, 0.5, 1.0)wt% ZrC materials are 5.02 GPa, 5.07 GPa and 5.73 GPa, respectively, as listed in Table 2 . As the ZrC addition increased from 0.2wt% to 1.0wt%, the Vickers microhardness increased from 5.02 GPa to 5.73 GPa, which is much higher than the value of pure W (4.5 GPa). The increase of hardness may come partially from the dispersion strengthening of nano-sized zirconium carbide and partially from the refined grains of tungsten containing ZrC.
The engineering stress-strain curves of W-ZrC materials at various temperatures are presented in Fig. 3 . The tensile strength deduced from the stress-strain curves and the total elongations determined by measuring the length of the fractured samples using a vernier caliper are listed in Table 3 , where the results of pure W [20] are presented for comparison. For the spark plasma sintered pure W, the DBTT was estimated in the range of 600 o C-700 o C. However, the W-(0.2, 0.5, 1.0)wt% ZrC materials exhibit obvious ductility at 600 o C and typical brittle fracture at 500 o C, suggesting a DBTT in the range of 500 o C-600 o C which is about 100 o C lower than that of pure W. It can be seen from Fig. 3(a) -(c) and Table 3 that the high-temperature strength of the W containing ZrC is much higher than that of pure W at a comparative temperature. For a more detailed comparison, the stressstrain curves at 700 o C of the pure W and W-(0.2, 0.5, 1.0)wt% ZrC samples are plotted together in Fig. 3(d) . Table  3 , indicating that the tensile strength increases with increasing ZrC addition from 0.2wt% to 1.0wt%. It is worth noting that the tensile strength of W-1.0wt% ZrC samples at 700 o C (749 MPa) is 122% higher than that of pure W (337 MPa). This value is even higher than that of hot rolled W-Zr-C, W-Ta-C, and W-Nb-C at 500 o C [21] , which is in the range of 400-600 MPa.
The ductility could also be improved by adding a small amount of zirconium carbide. As shown in Fig. 3 and listed in Table 3 , the elongation values of W-(0.2, 0.5, 1.0)wt% ZrC at 600 o C are 27.6%, 17.6% and 8.4%, respectively, while pure W is brittle at 600 o C. At 700 o C, the elongation values of W-(0.2, 0.5, 1.0)wt% ZrC are 30.4%, 24.8% and 10.4%, respectively, all of which are higher than or comparable to the value of pure W (11.6%). The W-0.2wt% ZrC sample exhibits the highest elongation and more ZrC addition would decrease the elongation value.
The mechanism for high strength and ductility of the W-ZrC alloys was analyzed based on microstructure characterization. In order to characterize the dispersion of the nano-size particles, TEM analysis was conducted. Particles with a size of 20-200 nm were found in W-0.2wt% ZrC and W-0.5wt% ZrC alloys respectively. Most particles are nano-sized and homogeneously dispersed in the tungsten grain interior, while few particles are found on the tungsten GBs and their average size (more than 100 nm) is relatively larger than those in the tungsten grain interior. A similar particles distribution was found in W-1.0wt% ZrC sample and not shown here.
To further clarify the phase of such particles, selected area electron diffraction (SAED) and EDS were employed. Particles bounding to the GBs in W-0.2wt% ZrC were analyzed in detail, as indicated by an arrow in Fig. 4(a) , and the corresponding SAED pattern is depicted in the inset. The SAED results reveal that this particle is crystalline with a cubic structure. In Fig. 4(b) , the EDS analysis of this particle shows that W, Zr, C and O signals were detected and the approximate atomic ratio is 1:14:26:59. More particles which bound to or near the GBs were investigated through EDS analysis, and oxygen was always detected in these particles. Combined with the above SAED analysis, it is reasonable to suggest that particles bound to or near the GBs are Zr-C-O phase with cubic structure [22] . The existence of oxygen in the particles bound to or near the GBs can be further confirmed from the lattice parameter of the cubic structure (0.474 nm), as calculated from the SAED, which is slightly larger than that of the ZrC phase (0.468 nm). The formation of the Zr-C-O particles was most probably owing to the ZrC particles capturing the trace impurity oxygen in tungsten during the sintering process. Particles dispersed in the tungsten grain interior, as shown in Fig. 5(a) , were analyzed as well. The SAED results reveal that the particle is crystalline with a cubic structure. The EDS analysis of the particles in the grain interior showed that only W, Zr and C signals were detected and the corresponding atomic ratio is 2:51:47, while an oxygen signal was not detected, as shown in Fig. 5(b) . More particles were analyzed and the results suggest that the nano-size particles in the tungsten grain interior are the cubic ZrC phase. Fig. 6 shows the TEM and HRTEM images of particles in the tungsten grain interior and on (or near) the GBs in W-0.5 wt%ZrC. A small spherical particle (about 30 nm) in the tungsten grain interior is indicated in Fig. 6(a) and the corresponding HRTEM image is shown in the inset. The measured spacings of three different crystalline faces are 0.231 nm, 0.273 nm and 0.162 nm, which matched well to the values of the crystalline faces of cubic ZrC (200), (111) and (220) from the Powder Diffraction File (PDF) card (reference code: 00-001-1050), respectively. This further indicates that these nano-size particles in the tungsten grain interior are cubic ZrC. A larger particle (about 120 nm) near GBs is indicated in Fig. 6(b) and the HRTEM image is shown in the inset. The measured spacings of two different crystalline faces are 0.513 nm and 0.368 nm, which are consistent with the values of monoclinic ZrO 2 (100) and (110) from the PDF card (reference code: 00-001-0750), respectively. This result further illustrated that the ZrC particles could react with the trace impurity oxygen in tungsten to form zirconium oxide during the sintering process. From the above analysis, the larger elongation, higher strength values and lower DBTT of W-0.2wt% ZrC and W-0.5wt% ZrC alloys can be reasonably understood as follows. The improved ductility can be attributed to the capture of trace impurity oxygen in tungsten by a small amount of zirconium carbide, while the high temperature strength was due to the pinning of dislocations and GBs by the dispersed ZrC, ZrO 2 and Zr-C-O nano-particles in the tungsten grain interior and on the GBs. Nevertheless, more ZrC addition drastically decreases the elongation though the strength may still increase, and as a result the W-1.0wt% ZrC exhibits a smaller elongation value (10.4%) than pure W (11.6%) at 700 o C. The reason may be that the excessive second phase particles at the GBs may also introduce stress concentrations and become possible sites of crack initiation [23] , which would reduce the ductility. a. The relative density of all the samples was above 97.5%. The grain size of W-1.0wt% ZrC alloy is about 2.7 μm, which is much smaller than that of pure W, indicating that 1.0wt% ZrC addition could inhibit the grain growth during the sintering process. The DBTT of W-(0.2, 0.5, 1.0)wt% ZrC materials determined by a tensile test is in the range of 500 o C-600 o C, which is about 100 o C lower than that of pure W. Besides, the hardness at room temperature of the W-ZrC alloys is higher than that of pure W.
b. The addition of a small amount of ZrC could improve the ductility and high temperature strength of tungsten materials. However, too much ZrC addition (higher than 0.5%) would lead to the decrease of the elongation though the tensile strength still increased. The tungsten sample with 0.5wt% ZrC addition exhibits not only high tensile strength, but also improved ductility. The ultimate tensile strength and total elongation of W-0.5wt% ZrC alloy at 700 o C are 535 MPa and 24.8%, which are respectively 59% and 114% higher than those of pure W (337 MPa, 11.6%).
c. Microstructure analysis suggested that the nanosize ZrC particles located on the GBs of tungsten could capture the trace impurity oxygen in tungsten to form cubic Zr-C-O or the monoclinic ZrO 2 phase, which would reduce the influence of oxygen on grain boundary strength and thus enhance the ductility of tungsten based alloys. The nano-size ZrC dispersed in the tungsten grain interior and the Zr-C-O or ZrO 2 particles on the GBs could pin down dislocations and GBs, and thus improve the high-temperature strength.
